Abstract -Over the past decade, the role of multiangle remote sensing has been central to the 1 development of algorithms for the retrieval of global land surface properties including models of 2 the bidirectional reflectance distribution function (BRDF), albedo, land cover/dynamics, burned 3 area extent, as well as other key surface biophysical quantities represented by the anisotropic ref-4 lectance characteristics of vegetation. In this study, a new retrieval strategy for fine-to-moderate 5 resolution multiangle observations was developed, based on the operational sequence used to 6 retrieve the Moderate Resolution Imaging Spectroradiometer (MODIS) Collection 5 reflectance 7 and BRDF/albedo products. The algorithm makes use of a semiempirical kernel-driven bidirec-8 tional reflectance model to provide estimates of intrinsic albedo (i.e., directional-hemispherical 9 reflectance and bihemispherical reflectance), model parameters describing the BRDF, and exten-10 sive quality assurance information. The new retrieval strategy was applied to NASA's Cloud Ab 
3

Introduction 47
Techniques for determining the structure and optical properties of complex heterogeneous 48 environments using multiangle remote sensing are crucial for understanding the effects of envi-49 ronmental change on vegetation structure and thus improve our ability to model terrestrial carbon 50 cycle dynamics and to characterize the ecological functioning of many ecosystems. Recent stu-51 dies have made considerable progress in developing algorithms for the extraction of quantitative 52 information on terrestrial surface heterogeneity at the subpixel scale (Sandmeier et al. 1998 ; 53 face reflectance anisotropy over the angular range (e.g., bowl-shape vs. bell-shape anisotropy 56 features) are directly related to canopy physiognomy and structure (e.g. canopy height, size, in-57 ter-distance between trees, and background vs. foliage contributions). 58
In the past, previous experiments have generally followed the central assumption that -the 59 potential to detect structural heterogeneity is independent of the spatial scale corresponding to 60 the pixel size‖ . In line with this assumption, earlier studies have treated satel-61 lite BRDF/albedo retrievals as being observed over a homogeneous landscape; thus allowing di-62 rect -point-to-pixel‖ comparisons (Hautecoeur and Leroy 1998; Liang et al. 2002; Jin et al. 63 7 measurements ( Fig. 1a) (Gatebe et al. 2010) . 139 140
Geolocation and gridding 141
Since the CAR has a wide swath (190°) and an instantaneous field of view (IFOV) of 1°, 142 there is a need to determine the center coordinates of each observation (lat off-nadir , lon off-nadir ) 143 along the scan line from nadir to near-horizon (i.e., 0° ≤  v ≤ 75°). We used the expression, Note that the GRE/GIFOV dimensions perpendicular to the azimuth of off-nadir view re-162 main the same. Each location is also referenced to the WGS-84 datum using a -flat earth‖ ap-163 proximation. After establishing the geolocation parameters of each observation (i.e., geographic 164 coordinates, GIFOV, and view-solar geometries), the RTLSR model parameters are then inverted 165 from all available observations on a per grid cell basis. Finally, spatially-distributed (or gridded) 166 fields, each defined by a distinct cell size and GIFOV range, are generated. The end result is a 167 series of multiscale BRDF retrievals derived explicitly from the CAR instrument. 168 169
Inversion strategy 170
For the BRDF inversion, we adapted the operational Moderate Resolution Imaging Spec-171 troradiometer (MODIS) BRDF/albedo algorithm to fit atmospherically-corrected surface BRF9 data from CAR at any spectral band. The MODIS algorithm makes use of a linear kernel-based 173 model -the semiempirical reciprocal RossThick-LiSparse (RTLSR) model (Wanner et al. 1995 ter is located, b is the vertical half-axis of the modeled ellipsoid, and r is its horizontal radius. 193
Based on previous experiments, the dimensionless crown relative height (P 4 = h / b) and shape 194 (P 5 = b / r) parameters have been fixed at h / b = 2 and b / r = 1 to invert the angular radiance data 195 from MODIS (Wanner et al. 1995; Privette et al. 1997). 196 In order to invert Eq. (11) for given reflectance observations
over a given grid cell, we need to minimize e 2 /f k () of a least squares error function 198 
where w j () is the weight for the jth observation at waveband . For any given CAR retrieval 202 scenario, a full BRDF model inversion is attempted if at least 7 observations are available. Each 203 observation is evaluated to discard outliers and additional checks (e.g., establishing the model-204 fits RMSE and angular sampling uncertainty) are performed to assure that the RTLSR model pa-205 rameters are positive. 206 based on the CAR atmospherically-corrected BRF data from the CART site, described in Section 208 11 3. Note that the behavior of the two kernels is different in nature over the full angular range of 209 CAR observations. While they are not perfectly orthogonal functions, K vol and K geo are suffi-210 ciently independent to allow for a stable recovery of the RTLSR model parameters for many 211 viewing and illumination conditions. The absence of excessive kernel-to-kernel correlation is key 212 to reliable BRDF model inversions (Lucht et al. 2000) . 213
Finally, the model-fits error (RMSE) 214
where w i () is the weight for the ith observation at waveband . Weights are applied using a 216 standard Gaussian-threshold defined by 217 it should follow that the larger the spread ( K ), the more adequate the angular sampling under a 235
given sun-view geometry. 236
Both the RMSE and angular sampling uncertainty ( K ) are computed to establish retrieval 237 confidence. Only if the observations pass all of these evaluations is a full inversion performed to 238 establish the RTLSR kernel values that provide the ‗best fit' (RMSE) estimate. For those cases 239 with insufficient observations (i < 7), or a poor fit, a magnitude inversion is performed rather 240 than a full model inversion. Note that, unlike the MODIS magnitude inversion strategy over 241 snow-free environments (which leverages a global database of archetypal anisotropic models of 242 MODIS-derived representation of seasonal BRDF), this retrieval scheme reutilizes the CAR 243 BRDF retrievals obtained during the same flight period to process those areas where a full re-244 trieval couldn't be made. An ancillary database derived from high-quality, coincident, and co-245 located surface BRDF data is then parameterized with area-based proportions of land cover type 246 to obtain a set of archetypal BRDF shapes (cf., Section 3). Consequently, by assuming that sur-247 face BRFs scale linearly in a spatial sense (Lewis 1995) , a full range of mixed BRDF patterns 248 can be reconstructed using the following equation: 249 
266 Onboard the Jetstream-31 aircraft, the CAR instrument was used to acquire multiangular 296 and multispectral observations under different sky conditions (Fig. 5a,b (Cosh 2007 ). The present study focuses 301 on the events surrounding the CART site, which is heavily instrumented and dominated by cattle 302 pasture, bare soils, and winter-wheat fields (cf., Fig. 3 ). 303
To acquire BRDF measurements, the aircraft flew a clockwise circular pattern above the 304 surface ( Fig. 5c) repeatedly, and at different altitudes ranging from ~0.2 to <8 km. At an aircraft 305 bank angle of 20°, the plane takes roughly 2-3 min to complete an orbit. Among the unique fea-306 tures of the CAR is the fact that the instrument observes the reflected solar radiation at a fine an-307 gular resolution defined by an instantaneous field of view of 1°. It is normally set to scan from 308 nadir all the way to the zenith (cf., Fig. 2a ), but can also be set to observe the entire downwelling 309 scattered radiation field at approximately half-degree intervals through its 190° aperture at a rate 310 of 100 scans per minute. Therefore, the CAR collects between 76,400 and 114,600 directional 311 measurements of radiance per channel per complete orbit, which amounts to between 687,600 312 and 1,031,400 measurements per orbit for nine channels. A database of archetypal BRDF shapes derived from Flight #1928 measurements, and pa-327 rameterized with land cover data, was also created. This was achieved by: (1) deriving GIFOV-328 specific values of percent land cover by using the CLASIC land cover map as the base layer; (2) 329 extracting those observations that formed a single (or dominant) surface condition; and (3) aver-330 aging those remaining measurements that were acquired at ±15° off the principal plane and ob-331 served under the similar view-solar conditions (i.e., ±1°). We defined dominant surface condi-332 tions as those with a fractional cover of ≥ 75% and we limited water-contaminated areas to < 5%. 333
To the extent possible, areas comprised by ‗water' and ‗land/water mix' classes (cf., Fig. 4a ) 334
were excluded from this analysis. This was done to reduce classification errors associated with 335 changing weather conditions. The observations that passed the above-mentioned screening tests 336
were then used to invert the RTLSR BRDF model parameters and obtain best-fit (RMSE) esti-337 mates across the principal plane. Under this premise, the BRDF model parameters acquired using 338 the above mentioned screening process were used to calculate the weighted average (based on 339 the band-specific ‗best fit' RMSE estimate) for each representative land cover class identified 340 across the CART site during the CLASIC experiment (Table 1) . 341
Spatially-distributed BRDF retrievals were derived from the Flight #1928 RossThick-342
LiSparseReciprocal (RTLSR) model parameters using three different grid sizes. Fig. 6 illustrates 343 the results for a 10 km 2 area surrounding the CART site. Different panels represent the RTLSR 344 kernel values, f iso (), f vol (), and f geo (), for CAR channels  = 0.682 μm (Fig. 6a) and  = 345 0.870 μm (Fig. 6b) . Each retrieval is defined by a distinct cell size (or spatial scale) and ground-346 rization of the uncertainties (as described in Section 2.3) was performed to determine whether 357 each retrieval was accessing enough information of the theoretical reflectance space to accurately 358 retrieve the RTLSR model parameters. As a result, retrievals are supported by extensive quality 359 assurance information to make sure that the output is appropriate for validation and inter-360 comparison purposes. 361 Fig. 6c illustrates the spatial distribution of the Quality Assurance (QA) Science Data Set 362 (SDS) generated by the retrieval scheme. This layer provides basic QA for BRDF model inver-363 sion data, with green pixels denoting high-quality full inversion retrievals, red pixels denoting 364 moderate quality magnitude inversion retrievals, and yellow pixels denoting gap-filled values 365 (i.e., using the ancillary BRDF database and employing the linear-mixture assumption -cf., Sec-366 tion 4.1) for areas with insufficient (< 1) observations. Unless a sufficient number of observa-367 tions (> 7) were available, water-contaminated areas (i.e., black pixels) were not processed. plane. In either case (i.e., using land cover type−related knowledge or target−specific know-419 ledge), a priori information is being used to indicate when retrieved RTLSR model parameters 420 (or albedos) are outside the expected bounds. These approaches are based on Bayesian inference 421 theory, which is considered to be the best way to make use of a priori knowledge to yield a post-422 eriori estimates of unknown BRDF model parameters (Li et al. 2001) . 423 We now examine the efficiency of BRDF retrievals employing a priori archetypal BRDF 424 shapes to describe the surface anisotropy as either: (1) a linear-mixture of different ecosystem 425 types; or (2) a single (or dominant) ecosystem type. The goal of this exercise is to provide addi-426 tional constrains into the appropriate spatial length scales and degree of subpixel detail necessary 427 to retrieve the BRDF of target using land cover type−related knowledge. Using data from Flight 428 #1928, we computed the model-fits error (RMSE) of high-quality full inversion retrievals ac-429 quired directly from CAR data and then established the relative departure of RMSE values 430 21 (%)using the -linear-mixture‖ (i.e., RMSE = RMSE Linear-Mixture -RMSE Full Inversion) 431 and -dominant‖ (i.e., RMSE = RMSE Dominant -RMSE Full Inversion) approaches ( Fig. 8 ; 432 Table 2 ). Since the RMSE establishes the deviation of the RTLSR model-fits from actual surface 433 BRF measurements, this evaluation should result in uncertainty estimates that are of equal (or 434 comparable) magnitude to those derived through direct means (i.e., from high-quality, full inver-435 sion retrievals). Thus, if BRDF retrievals employing a priori archetypal BRDF shapes can truly 436 characterize the reflectance anisotropy of mixed agricultural landscape, then the cumulative dis-437 tribution of relative RMSE differences (%) should follow a normal pattern with a limit (RMSE) 438 equal or close to zero. Note that, based on the scaling principles of linear BRDF modeling 439 theory, this should apply regardless of the scale at which the assumption is being examined. In order to quantify the uncertainties that arise when sub-pixel differences in the BRDF are 501 aggregated to a moderate resolution satellite pixel, the quality of MODIS RTLSR surface BRF 502 retrievals was evaluated across spatial scales. Results in Table 3 show that the MODIS retrievals 503 are more consistent with CAR-derived BRFs at moderate spatial resolutions (i.e., scale = 240 m). 504
The quality of these direct -moderate pixel-to-moderate pixel‖ comparisons resulted in APU 505 units that were 1.15% more accurate, 3.59% more precise, and 0.005 less uncertain. ground and/or satellite data to obtain information on both the structure and functioning of terre-519 strial ecosystems. As we note, these -point-to-pixel‖ comparisons are influenced by very distinct 520 spatial and structural patterns, including: (1) subpixel differences in the BRDF observed at spa- and/or derive spatially-complete (or gap-filled) directional reflectance retrievals for missing 566 dates of acquisition. This study demonstrates a unique BRDF retrieval capability that may well 567 27 serve research efforts that seek to evaluate and refine the accuracy of these multisensor data and 568 products. As more campaign datasets become available in the near future, BRDF retrievals from 569 CAR will be used to obtain different albedo, angular, and vegetation quantities, including BRDF 570 shape indicators (Hill et al. 2008) , foliage clumping index (CI) (Chen 1996) , canopy shadow 571 fraction, and top-of-canopy vegetation indexes (i.e., NDVI and EVI) (Tucker 1979; Huete et al. 572 2002) derived from Nadir BRDF-Adjusted Reflectances (NBAR) . In addi-573
tion to algorithm refinement and validation exercises, these retrievals can be potentially used to 574 characterize the structural dynamics of complex heterogeneous environments, also providing 575 much needed constraints to model interpolations/extrapolations from multisensor surface bio-576 physical datasets obtained at different spatial scales and time periods. 577
These reference datasets are also needed for studies seeking to identify systematic differ-578 ences between satellite sensors that may affect the quality and consistency of long-term Earth 579 system data records. For instance, satellite intercomparisons, while useful in pointing out areas of 580 divergence, both in terms of value and quality assurance, cannot establish what products are cor-581 rect without an independent benchmark that is able to reproduce the wide range of view-angle 582 geometries and retrieval schemes employed by multiple BRDF/albedo datasets (Muller et 
